Proteinase cascades are part of the basic machinery of neuronal death pathways. Neuronal cathepsin B (CatB), a typical cysteine lysosomal protease, plays a critical role in neuronal death through lysosomal leakage or excessive autophagy. On the other hand, much attention has been paid to microglial CatB in neuronal death. We herein show the critical role of proteolytic relay through microglial CatB and CatE in the polarization of microglia/macrophages in the neurotoxic phenotype, leading to hypoxia/ischemia (HI)-induced hippocampal neuronal damage in neonatal mice. HI caused extensive brain injury in neonatal wild-type mice, but not in CatB Ϫ/Ϫ mice. Furthermore, HI-induced polarization of microglia/macrophages in the neurotoxic phenotype followed by the neuroprotective phenotype in wild-type mice. On the other hand, microglia/macrophages exhibited only the early and transient polarization in the neuroprotective phenotype in CatB Ϫ/Ϫ mice. CA-074Me, a specific CatB inhibitor, significantly inhibited the neuronal death of primary cultured hippocampal neurons induced by the conditioned medium from cultured microglia polarized in the neurotoxic phenotype. Furthermore, CA-074Me prevented the activation of nuclear factor-B (NF-B) in cultured microglia by inhibiting autophagic inhibitor of B␣ degradation following exposure to oxygen-glucose deprivation. Rather surprisingly, CatE increased the CatB expression after HI by the liberation of the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) from microglia through the proteasomal pathway. A significant increase in CatB and CatE levels was found exclusively in microglia/macrophages after HI. Thus, a proteolytic relay through the early CatE/TRAIL-dependent proteosomal and late CatB-dependent autophagic pathways for NF-B activation may play a critical role in the polarization of microglia/macrophages in the neurotoxic phenotype.
Introduction
A group of proteases in the endosomal/lysosomal proteolytic system has been designated as cathepsin (Cat), which is derived from the Greek term meaning "to digest." The primary function of cathepsins is believed to be in disintegrating proteins as well as larger structures because they irreversibly cleave peptide bonds. However, there is increasing evidence that cathepsins also exert modulator actions, by which substrates are activated after limited cleavage (Nakanishi, 2003a) . Proteinase cascades, including some members of the caspase family, are part of the basic machinery of neuronal death pathways (Hyman and Yuan, 2012) . It is also known that neuronal CatB (EC 3.4.22.1), a typical cysteine lysosomal protease, plays a critical role in ischemic hippocampal neuronal death in primates through lysosomal leakage (Yamashima et al., 1998; Tsuchiya et al., 1999) and in neuronal death in rodents through excessive autophagy (Canu et al., 2005; Wen et al., 2008; Sun et al., 2010) . On the other hand, much attention has been also paid to the role of microglial CatB in neuronal death. Kingham and Pocock (2001) demonstrated that CatB is a major causative factor for activated microglia-induced neuronal apoptosis using neutralizing anti-CatB antibodies. Gan et al. (2014) found that A␤42 did not cause neuronal death when added directly to neurons, but that A␤42 activated the BV2 microglial cell line to release toxic factors that caused significant neuronal death. To determine the toxic molecules secreted from A␤42-activated BV2 cells, Gan et al. (2014) conducted a large-scale expression profiling analysis using filter-based cDNA arrays made from BV2 cDNA libraries enriched for A␤42-activated BV2 cell genes. CatB was identified to be one of the 554 genes transcriptionally induced by A␤42. Furthermore, specific inhibition of CatB using either siRNA-mediated gene silencing or a specific CatB inhibitor completely abolished the neurotoxicity mediated by the A␤42-activated BV2 microglial cell line. More recently, it has been found that the leakage of CatB from the lysosomes triggers the activation of the NLRP3 inflammasome in microglia/macrophages after the phagocytosis of various molecules, including fibrillar A␤42 and silica crystals (Halle et al., 2008) . After activation, the NLRP3 induces pro-caspase-1 activation to promote the processing and secretion of proinflammatory cytokines, such as interleukin (IL)-1␤ and IL-18. On the other hand, our recent observations show that CatB is involved in the processing of IL-1␤ and IL-18 in microglia through the proteolytic processing of pro-caspase-1 and pro-caspase-11 in phagolysosomes without leakage (Terada et al., 2010; Sun et al., 2012; . These observations suggest potential roles for CatB in the polarization of microglia/macrophages to the proinflammatory neurotoxic phenotype.
Neonatal hypoxia/ischemia (HI) induces brain injury, causing neurological impairment, including cognitive impairment, motor dysfunction, and seizures (du Plessis and Volpe, 2002) . In a neonatal HI mouse model, the polarization of microglia/macrophages to the neurotoxic phenotype significantly influenced the outcome of HI-induced pathology (Hu et al., 2012; Yamagata et al., 2013) . However, little is known about the molecular mechanism underlying the polarization of microglia/macrophages to the neurotoxic phenotype. In the present study, we have attempted to elucidate a possible involvement of microglial CatB in the polarization of microglia/macrophages to the neurotoxic phenotype. In neonatal mice, CatB deficiency significantly inhibited hippocampal neuronal damage and neurotoxic polarization of microglia/macrophages following HI. Increased CatB levels were found to be responsible for the activation of nuclear factor-B (NF-B) through autophagic degradation of inhibitor of B␣ (IB␣) in microglia/macrophages. In the course of the experiments, we have unexpectedly found that CatE increased the CatB expression in microglia/macrophages after HI through the proteolytic liberation of the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a member of the tumor necrosis factor superfamily. Soluble TRAIL in turn induced NF-B activation in the proteasomal pathway. These observations suggest that the neurotoxic polarization of microglia/macrophages promoted by CatB and CatE, which is increased exclusively in microglia/macrophages, is responsible for the aggravation of HI-induced neuronal injury.
Materials and Methods
Animals. Heterozygous mice of C57BL/6 background were kept in a specific pathogen-free condition at Kyushu University Faculty of Dental Sciences. The selection of CatB-deficient (CatB Ϫ/Ϫ ) mice from their littermates, obtained by heterozygous coupling, was performed by examining the template genomic DNA isolated from tail biopsy samples, using a CatB exon 4-specific PCR with MCB11 primers (5Ј-GGTTGCG TTCGGTGAGG-3Ј) and MCBGT (5Ј-AACAAGAGC CGC AGG AGC-3Ј; Terada et al., 2010; Sun et al., 2012; , and CatE (S1: 5Ј-AGG GTGGGGTTGATGGTAAG-3Ј; W1: 5Ј-TGAAAATGAGGG TGTTGAGGT-3Ј; N1: 5Ј-TGGCTGCTATTGGGCGAAGTG-3Ј; Tsukuba et al., 2003) . Mice homozygous for CatB and CatE deficiency were generated by intercrossing CatB ϩ/Ϫ and CatE ϩ/Ϫ mice. The heterozygous mice that were used as control animals in the present study showed no pathological phenotypes when examined by histological, immunocytochemical, and biochemical methods. C57BL/6 wild-type, CatB mice on postnatal day 7 (P7) using the methods of the Rice-Vannucci model, with minor modifications (Koike et al., 2008) . After the mice were deeply anesthetized with inhalation anesthesia, the left common carotid artery was dissected and ligated with silk sutures (6/0). After the surgical procedure, the pups were allowed to recover for 1 h at 37°C in an incubator. They were then placed in chambers maintained at 37°C through which 8% humidified oxygen (balanced with nitrogen) flowed for 45 min. After hypoxic exposure, the pups were returned to their dams and the plastic cages. The animals were allowed to recover for 12, 24, 48, or 72 h. At each stage, the brains were processed for biochemical or morphological analyses. This procedure resulted in a brain injury in the ipsilateral hemisphere, consisting of cerebral infarction that was mainly localized to the hippocampus. The control littermates were neither operated on nor subjected to hypoxia. To minimize experimental variations, the same person conducted the surgery through this study. Furthermore, both wild-type and cathepsin-deficient mice were exposed to the hypoxic condition simultaneously by placing them in the same chamber.
Quantitative real-time PCR analysis. The mRNA isolated from mice subjected to HI injury at various time points or CD11b ϩ cells stimulated by interferon-␥ (IFN-␥) plus lipopolysaccharide (LPS) or IL-4 were subjected to a quantitative real-time PCR (RT-PCR). The total RNA was extracted with RNAiso Plus according to the manufacturer instructions. A total of 800 ng of extracted RNA was reverse transcribed to cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). After an initial denaturation step at 95°C for 5 min, temperature cycling was initiated. Each cycle consisted of denaturation at 95°C for 5 s, annealing at 60°C for 10 s, and elongation for 30 s. In total, 40 cycles were performed. The cDNA was amplified in duplicate using a Rotor-Gene SYBR Green RT-PCR Kit (Qiagen) with a Corbett RotorGene RG-3000A Real-Time PCR System. The data were evaluated using the RG-3000A software program (version Rotor-Gene 6.1.93, Corbett). The sequences of primer pairs are described as follows: CatB: 5Ј-GCAGCCAACTCTTGGAACCTT-3Ј and 5Ј-GGATTCCAGCCACAAT TTC TG-3Ј; inducible nitric oxide synthase (iNOS): 5Ј-GCCACCAAC AATGGCAAC-3Ј and 5Ј-CGTACCGGATGAGCTGT GAATT-3Ј; IL-1␤: 5Ј-CAACCAACAAGTGAT ATTCTCCATG-3Ј and 5Ј-GATCCA CACTCTCCAGCTGCA-3Ј; TNF-␣: 5Ј-ATGGCCTCCCTC TCAGT TC-3Ј and 5Ј-TTG GTGGTTTGCTACGACGTG-3Ј; arginase1: 5Ј-CGCCTT TCTCAAAAGGACAG-3Ј and 5Ј-CCAGCTCTTCATTG GCTTTC-3Ј; IL-10: 5Ј-ATG CTGCCTGCTCTTACTGA CTG-3Ј and 5Ј-CCCAAGTAACCCTTAAAGTCCTGC-3Ј; IL-4: 5Ј-TGGGTCTCAA CCCCCAGCTAGT-3Ј and 5Ј-TGCATGGCGTCCCTTCTC CTGT-3Ј; CatE: 5Ј-CAG TCCGACACATACACG-3Ј and 5Ј-TGGCCTGGCTCC TTG AC-3Ј; TRAIL: 5Ј-GACCAGCTCTCCATTCCTA-3Ј and 5Ј-GAA GACCTCAGAAAG TGGC-3Ј; and DR5: 5Ј-AAGTGTGTCTCCAAAA CGG-3Ј and 5Ј-AATGCACAGAGTT CGCACT-3Ј.
For data normalization, an endogenous control (actin) was assessed to control for the cDNA input, and the relative units were calculated by a comparative Ct method. All of the RT-PCR experiments were repeated three times, and the results are presented as the means of the ratios Ϯ SEMs.
Oxygen-glucose deprivation and reoxygenation. To mimic hypoxicischemic conditions in vitro, MG6 cells were subjected to oxygen-glucose deprivation (OGD) for 6 h. In the OGD phase, the media were washed with glucose-free HBSS and then changed to glucose-free HBSS. The cultures were then placed in a hypoxia chamber (Model MCO 18M, Sanyo Biomedical Electrical Co., Ltd.) that contained a gas mixture composed of 1% O 2 , 5% CO 2 , and 92% N 2 . After OGD, the cultures were recovered with fresh DMEM and transferred to a normoxia chamber (20% O 2 , 5% CO 2 ) for 12, 24, 48, and 72 h (OGD/R).
Isolation of microglia from the mouse brain. CD11b ϩ cells were isolated from the mouse brain by the MACS method. Twelve mice in each group were anesthetized and transcardially perfused with PBS at 12, 24, 48, and 72 h after injury. The brains were separated as contralateral and ipsilateral samples, and cut into small pieces. After enzymatic digestion using a Neural Tissue Dissociation Kit (Miltenyi Biotec), the cell suspensions were further mechanically dissociated using a gentle MACS Dissociator (Milteny Biotec). The single-cell suspensions were obtained after being move to a 30 mm cell strainer. After magnetic labeling with CD11b MicroBeads, the cell suspension was loaded onto a magnetic (MACS) column placed in the magnetic separator (Milteny Biotec). After rinsing the MACS column with PBS, the CD11b-positive fraction was collected according to previously described methods .
Immunoblotting analyses. MG6 microglial cell line was cultured at a density of 5 ϫ 10 5 cells/ml. After OGD/R, cells were harvested at various time points. The CD11b ϩ cells were isolated from wild-type and CatB Ϫ/Ϫ mice by the MACS method at various time points after HI injury. The specimens were quickly frozen and stored until use at Ϫ80°C. The immunoblotting analyses were conducted as described previously (Sun et al., 2012; . In brief, each specimen was electrophoresed using 15%, 12%, or 7.5% SDS-polyacrylamide gels. The proteins on the SDS gels were then electrophoretically transferred to nitrocellulose membranes. Following the blocking, the membranes were incubated at 4°C overnight under gentle agitation with each of the following primary antibodies: goat anti-CatB (1:1000; Santa Cruz Biotechnology); rabbit anti-CatB (1:1000; Abcam); mouse anti-beclin1 (1:1000; BD Biosciences); rabbit anti-IB␣ (1:1000; Santa Cruz Biotechnology); rat anti-IL10 (1:1000; Abcam); goat anti-arginase (1:1000; Abcam); rat anti-IL4 (1:500; Abcam); and mouse anti-actin (1:5000; Abcam). After washing, the membranes were incubated with horseradish peroxidase (HRP)-labeled anti-goat (1:2000; GE Healthcare), anti-mouse (1:2000; R&D Systems), anti-rabbit (1:2000; GE Healthcare), or anti-rat (1:2000; GE Healthcare) for 2 h at room temperature. Subsequently, the membrane-bound, HRP-labeled antibodies were detected using an enhanced chemiluminescence detection system (ECK lit, GE Healthcare) with an image analyzer (LAS-1000, Fuji Photo Film).
Immunofluorescent staining. The brains from P7 wild-type, CatB Ϫ/Ϫ , and CatE Ϫ/Ϫ mice were obtained 12, 24, 48, and 72 h after HI. The samples were cryoprotected for 2 d in 30% sucrose in PBS and then were embedded in an optimal cutting temperature compound (Sakura Finetechnical). Serial coronal frozen sections (14 m) of the samples for immunofluorescent staining were prepared as previously reported . The sections were washed with PBS plus 0.1% Triton X-100 for 10 min at 24°C, and then incubated with NeuroTrace Fluorescent Nissl Stains (1:200; Invitrogen) for 20 min at 24°C. After washing with PBS, the sections were mounted in Vectashield anti-fading medium (Vector Laboratories). Fluorescence images were taken using a confocal laser-scanning microscope (CLSM; 2si Confocal Laser Microscope, Nikon). The brains from P7 wild-type, CatB Ϫ/Ϫ and CatE Ϫ/Ϫ mice were obtained at four different time points after HI. The samples were cryoprotected and embedded. Serial coronal frozen sections (14 m) of the samples were prepared for doubleimmunofluorescent staining. The sections were then incubated with the following antibodies: goat anti-CatB (1:100; Santa Cruz Biotechnology) with rabbit anti-Iba1 (1:10,000; Wako), rabbit anti-glial fibrillary acidic protein (GFAP; 1:5000; Sigma-Aldrich), or mouse anti-NeuN (1:5000; Millipore); goat anti-CatE (1:500; R&D Systems) with rabbit anti-Iba1 (1:10,000; Wako), rabbit anti-GFAP (1:5000; Sigma-Aldrich), or NeuroTrace Fluorescent Nissl Stains (1:200; Invitrogen); and rabbit anti-Iba1 (1:10,000) with mouse anti-iNOS (1:1000; Abcam), goat anti-cleaved IL-1␤ (m118; 1:100; Santa Cruz Biotechnology), rat anti-lysosomeassociated membrane protein 2 (LAMP2; 1:500; Abcam), or mouse antibeclin1 (1:1000; BD Biosciences) at 4°C overnight. After washing with PBS, the sections were incubated with anti-goat Alexa Fluor 488 (1:500; Jackson ImmunoResearch), donkey anti-rabbit Cy3 (1:500; Jackson ImmunoResearch), donkey anti-mouse Cy3 (1:500; Jackson ImmunoResearch), donkey anti-rabbit Cy3 (1:500; Jackson ImmunoResearch), donkey anti-goat Alexa Fluor 488 (1:500; Jackson ImmunoResearch), and donkey anti-mouse Alexa Fluor 488 (1:500; Jackson ImmunoResearch) at 4°C for 2 h. The sections were mounted in Vectashield antifading medium (Vector Laboratories). The fluorescence images were observed using a CLSM.
The cultured hippocampal neurons were fixed with 4% paraformaldehyde for 48 h after culturing by microglia-conditioned medium. They were then incubated with the mouse anti-microtubule-associated protein 2 (MAP2; Millipore) overnight at 4°C. After washing with PBS, the sections were incubated with donkey anti-mouse Cy3 (1:500; Jackson ImmunoResearch), then incubated with Hoechst stain (1:200) and mounted in Vectashield anti-fading medium (Vector Laboratories). Fluorescence images were taken using a fluorescence microscope (BX-41, Olympus).
CatE knockdown with small interfering RNAs. The MG6 microglial cell line was seeded on a six-well plate at a density of 2 ϫ 10 5 cells/well in 2 ml of antibiotic-free DMEM. After 12 h, the cells were transiently transfected with control siRNA-A (sc-37007, Santa Cruz Biotechnology) or CatE siRNA (sc-41474, Santa Cruz Biotechnology), using siRNA Transfection Reagent (sc-29528, Santa Cruz Biotechnology) according to the manufacturer protocol. Twelve hours after transfection, the cells were subjected to OGD/R. The cells and conditioned medium were collected at each of the time points for an RT-PCR and ELISA.
Assay for soluble TRAIL. The conditioned media were collected from the MG6 microglial cell line, and the amounts of soluble TRAIL were measured using an ELISA kits (RayBiotech) following the manufacturer protocol. The absorbency at 450 nm was measured using a microplate reader.
Monodansylcadaverine staining. Samples were obtained from the MG6 microglial cell line after 12, 24, 48, and 72 h of reoxygenation. Monodansylcadaverine (MDC) was used to evaluate the abundance of the autophagic vacuoles in cells. Staining was conducted with MDC (Cayman Chemical) in PBS for 10 min, and the subsequent cellular fixation procedure was performed as previously reported (Han et al., 2011) . Afterward, the staining of MCD was analyzed using a fluorescence microscope (BX-41, Olympus).
Cell culture. The c-myc-immortalized mouse microglial cell line MG6 (Riken Cell Bank) was maintained in DMEM containing 10% fetal bovine serum (Invitrogen) supplemented with 100 M ␤-mercaptoethanol, 10 g/ml insulin, 1% penicillin-streptomycin (Invitrogen), and 450 mg/ml glucose (Invitrogen) according to previously described methods (Sun et al., 2012; ). They were stimulated by 100 ng/ml Escherichia coli LPS (Sigma-Aldrich) plus 20 ng/ml IFN-␥ (R&D Systems) and 20 ng/ml IL-4 (R&D Systems). The conditioned medium was harvested 48 h after stimulation. Hippocampal neurons were isolated from P1 wild-type mice; the hippocampi were dissected, digested by papain (Worthington), and filtered using a 50 m sterile nylon filter; the cells were maintained in Minimum Essential Medium (Invitrogen) containing 10% horse serum, 450 mg/ml glucose, 1% penicillinstreptomycin, and 100 mM sodium pyruvate (Invitrogen) at 37°C, in 10% CO 2 ; and, after 1 d, the medium were changed to Eagle's MEM (Nissui Pharmaceutical Co., LTD) with 2% B27 supplement (Invitrogen), 450 mg/ml glucose, 1% penicillin-streptomycin (Invitrogen), and 200 mM L-glutamine (Invitrogen) for 2 weeks.
Cell viability assay. Primary hippocampal neurons were seeded in 96-well plates for 2 weeks (5 ϫ 10 3 cells/well) and then cultured by microglia-conditioned medium for 48 h. A cell viability assay was performed using a cell-counting kit (CCK-8; Dojindo). The optical density was read at a wavelength of 450 nm with a microplate reader. Cell viability was calculated using the following formula: optical density of treated group/control group.
In vitro digestion assay. At 48 h of OGD/R, 3 ϫ 10 8 MG6 cells were harvested from the treatment and normal groups, and homogenized in a 7 ml Dounce homogenizer (Sigma-Aldrich). The homogenate was centrifuged at various speeds according to the manufacturer instructions (Lysosome Isolation Kit, Sigma-Aldrich). The resulting crude lysosomal fraction, which is a mixture of mitochondria, lysosomes, peroxisomes, and endoplasmic reticulum, was further purified by density gradient centrifugation on a multistep OpiPrep gradient. The high-yield lysosomes were suspended in PBS containing 0.05% Triton-X, and then sonicated to obtain the soluble lysosomal constituents. These lysosomal constituents were incubated with 250 ng of recombinant human IB␣ (Enzo Life Sciences) at 37°C for 2, 6, 12, and 24 h. Some digestion experiments were performed in the presence of protease inhibitors including pepstatin A (Peptide Institute Inc.) and CA-074Me (Peptide Institute Inc.). Each mixture was subjected to immunoblotting analyses.
Statistical analysis. The data are represented as the mean Ϯ SEM. The statistical analyses were performed using a one-or two-way ANOVA with a post hoc Tukey's test using the GraphPad Prism software package.
A value of p Ͻ 0.05 was considered to indicate statistical significance (GraphPad Software).
Results

The reduction in HI-induced neuronal injury in the hippocampus by CatB deficiency
To investigate the role of CatB in HI-induced neuronal death, the damage in the pyramidal regions of the hippocampus ipsilateral to the ligated side was compared between neonatal wild-type and CatB Ϫ/Ϫ mice after HI. The percentage of damaged area 3 d after HI was examined by determining the ratio of damaged area to the total area of the pyramidal layer in the hippocampus of the neonatal wild-type and CatB Ϫ/Ϫ mice using fluorescent Nissl stain. As was reported previously (Koike et al., 2008) , considerable damage, ranging from moderately severe to complete loss of the pyramidal cell layer, was observed in neonatal wild-type mice (Fig. 1A,B) . In contrast, the variation of the hippocampal damage in the neonatal CatB Ϫ/Ϫ mice was small, and the mean ratio of the damaged area (percentage) was significantly lower than that in the neonatal wild-type mice (Fig. 1A,B, ‫ءءء‬ p ϭ 0.0002 by unpaired t test).
Next, the changes in the expression and localization of CatB were examined to further elucidate its role in HI-induced damage in the pyramidal regions of the hippocampus. At 24 h after HI, increased CatB immunoreactivity was observed primarily in microglia, but not in astrocytes or neurons (Fig. 1C, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test; Fig. 1 D, E, higher   magnification) . At 72 h after HI, intense CatB immunoreactivity was observed in the LAMP2-positive lysosomes (Fig. 1F ) . Furthermore, most of the Iba1-positive microglia phagocytosed the damaged neurons (Fig. 1G) . Suppression of HI-induced by the polarization of microglia/ macrophages to the neurotoxic phenotype by CatB Our previous observations showed that CatB in the lysosomal/ autolysosomal proteolytic system of microglia plays an essential role in the neuroinflammatory responses (Terada et al., 2010; Sun et al., 2012; . We next examined the possible involvement of CatB in the polarization of microglia/macrophages after HI injury. Some of the typical neurotoxic (M1) and neuroprotective (M2) polarization markers that were expressed in microglia/macrophages acutely isolated from the hippocampus of wild-type and CatB Ϫ/Ϫ mice were measured using a realtime quantitative PCR at four different time periods after HI injury. The mean mRNA levels of M1 markers, including iNOS, TNF-␣, and IL-1␤, in microglia/macrophages acutely isolated from the hippocampus of wild-type mice were gradually and significantly increased at 24 h after HI injury ( Fig. 2A, ‫ءءء‬ p Ͻ 0.0001, ‫ءء‬ p ϭ 0.003 by one-way ANOVA with post hoc Tukey's tests). A significant increase in the mean levels of the M1 marker genes was observed at up to 72 h, without a decline. In contrast, the mean mRNA levels of these M1 markers in microglia/macrophages acutely isolated from the hippocampus of CatB Ϫ/Ϫ mice showed no significant change up to 72 h after HI injury ( Fig. 2A , F ϭ 14.18, df numerator ϭ 4, df denominator ϭ 20, ‫ءءء‬ p Ͻ 0.0001 by two-way ANOVA with Bonferroni post-test, significant effect of genotype). However, the mean mRNA levels of the M2 markers, including arginase1, IL-4, and IL-10, in microglia/ macrophages acutely isolated from the hippocampus of wildtype mice were also gradually and significantly increased from 12 to 24 h after HI injury, reaching a peak at 24 -48 h (Fig. 2B: ‫ءء‬ p ϭ 0.007, ‫ء‬ p ϭ 0.03 by one-way ANOVA with post hoc Tukey's test). After peaking, the mean mRNA levels of M2 markers began to decline to the control level. In contrast, the mean mRNA levels of the M2 markers in microglia/macrophages acutely isolated from the hippocampus of CatB Ϫ/Ϫ mice increased rather rapidly to reach a peak at 12 h after HI injury and then returned to the control level (Fig. 2B) . These results suggest that CatB deficiency suppresses the polarization of microglia/ macrophages to the neurotoxic phenotype and skews them toward the neuroprotective phenotype after HI injury. The M1/M2 terminology is often used to describe phenotypes of microglia/ macrophages. However, M1 and M2 phenotypes represent two end points of the full spectrum of microglia/macrophages activation along the M1-M2 phenotypic continuum. It is considered that the description of microglia/macrophages as having either an M1 or M2 phenotype is a simplification of the in vivo reality (Martinez and Gordon, 2014; Murray et al., 2014) . Therefore, it is appropriate to use the term "neurotoxic/neuroprotective phenotypes." Furthermore, the mean density of the bands corresponding to pro-and mature IL-1␤, TNF-␣, and iNOS in the soluble fractions of microglia/macrophages acutely isolated from the ipsilateral hippocampus at 72 h after HI was significantly lower in CatB Ϫ/Ϫ mice than in wild-type mice (Fig. 2C,D: for proIL-1␤, ‫ءءء‬ p ϭ 0.0008; for mIL-1␤, ‫ءءء‬ p ϭ 0.0008; for TNF-␣, ‫ءءء‬ p ϭ 0.0002; for iNOS, ‫ءءء‬ p ϭ 0.0009, by one-way ANOVA with post hoc Tukey's test). In contrast, the mean density of bands corresponding to arginase1, IL-4, and IL-10 in the soluble fractions of microglia/ macrophages acutely isolated from the ipsilateral hippocampus at 12 h after HI were significantly higher in CatB Ϫ/Ϫ mice than in wild-type mice (Fig. 2 E, F: for arginase1, ‫ءء‬ p ϭ 0.003; for IL-4, ‫ءء‬ p ϭ 0.004; for IL-4, ‫ءءء‬ p ϭ 0.0004 by one-way ANOVA with post hoc Tukey's test).
Next, the localization of the typical M1 and M2 markers in the hippocampus of wild-type and CatB Ϫ/Ϫ mice after HI injury was examined by immunohistochemical staining. CLSM fluorescent images showed that immunoreactivity for iNOS and IL-1␤ was primarily noted in the Iba1-positive microglia/macrophages in the ipsilateral hippocampus of wild-type mice, but not in that of CatB Ϫ/Ϫ mice, at 72 h after HI (Fig. 3A-C) . The mean numbers of the iNOS-positive and IL-1␤-positive cells in the ipsilateral hippocampus of CatB Ϫ/Ϫ mice were significantly lower than those of wild-type mice (Fig. 3C, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). In contrast, immunoreactivity for arginase1 and IL-10 was also observed mainly in the Iba1-positive microglia/macrophages in the ipsilateral hippocampus of both wild-type and CatB Ϫ/Ϫ mice at 12 h after HI (Fig. 3 D, E) . The mean number of the arginase1-positive and IL-10-positive cells in the ipsilateral hippocampus of the two types of mice did not differ significantly ( Fig. 3F ; one-way ANOVA with post hoc Tukey's tests, p ϭ 0.09).
The differential effect of conditioned medium prepared from microglia polarized to neurotoxic and neuroprotective phenotypes on the survival of the hippocampal neurons To further elucidate a direct effect of CatB on the microglia/ macrophage phenotype, the effects of CA-074Me, a specific CatB inhibitor, on the phenotypic changes of microglia were examined using microglia acutely isolated from the brains of wild-type mice (Fig. 4) . CA-074Me significantly inhibited the mean mRNA levels of the M1 markers (iNOS, TNF-␣, and IL-1␤) in microglia after treatment with IFN-␥ and LPS (Fig. 4A, ‫ءءء‬ p Ͻ 0.0001 by oneway ANOVA with post hoc Tukey's test). In contrast, CA-074Me did not affect the mean mRNA levels of the M2 markers (arginase1, IL-4, and IL-10) in microglia/macrophages after treatment with IL-4 ( Fig. 4B ; one-way ANOVA with post hoc Tukey's test, p ϭ 0.08). These observations suggest that CatB has a direct effect on microglia/macrophage phenotype. However, increased neuronal damage may further force microglia/ macrophages to the neurotoxic phenotype in vivo, especially in the later phase of HI.
Next, the outcomes of microglia polarized to neurotoxic and neuroprotective phenotypes on the neuronal survival were examined using culture mediums prepared from M1 and M2 polarized microglia (M1-CM and M2-CM, respectively). The survival of hippocampal neurons was first measured by WST-8 assay (Dojindo) conversion to water-soluble formazan using mitochondria dehydrogenase. M1-CM was prepared by culturing the MG6 microglial cell line for 48 h in the presence of LPS and IFN-␥. M2-CM was prepared by culturing MG6 cells for 48 h in the presence of IL-4. M1-CM significantly reduced the mean cell viability of the primary cultured hippocampal neurons to ϳ20% (Fig. 4C, ‫ءء‬ p ϭ 0.005 by one-way ANOVA with post hoc Tukey's test). When M1-CM was prepared in the presence of CA-074Me, the M1-CMinduced cell death of primary cultured hippocampal neurons was completely suppressed (Fig. 4C, ‫ءء‬ p ϭ 0.007 by oneway ANOVA with post hoc Tukey's test). M2-CM differed in that it did not affect the mean cell viability of the hippocampal neurons ( Fig. 4C ; one-way ANOVA with post hoc Tukey's tests, p ϭ 0.07). The effect of CA-074Me on M1-CM-induced neuronal death was further evaluated by counting the MAP2-positive cells with Hoechst-stained nuclei. M1-CM was found to significantly decrease the mean number of MAP2-positive cells (Fig. 4 D, E, ‫ءء‬ p ϭ 0.06 by one-way ANOVA with post hoc Tukey's test). It was also noted that the mean neurite length of the MAP2-positive cells declined significantly in the presence of M1-CM (Fig. 4 D, F, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). In contrast, when M1-CM was prepared in the presence of CA-074Me, the reduced mean number of cells or declined neurite length of the MAP2-positive cells were completely suppressed (Fig. 4D-F, ‫ءء‬ p ϭ 0.006, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). These results suggest that microglia polarized to the neurotoxic phenotype, but not the neuroprotective phenotype, induce neuronal death in a CatB-dependent manner.
The involvement of CatB in the activation of the NF-B pathway through the autophagic pathway after HI injury Soluble fractions of microglia/macrophages isolated from the hippocampus of wild-type mice after HI injury were subjected to immunoblotting analyses. A significant increase in the mean mRNA level of CatB in microglia/macrophages was noted at 24 h after HI (Fig. 5A, ‫ءء‬ p ϭ 0.008 by one-way ANOVA with post hoc Tukey's test), while the mean protein level of CatB was significantly increased at 24 h after HI (Fig. 5 B, C, ‫ء‬ p ϭ 0.04 by one-way ANOVA with post hoc Tukey's test). It was also noted that the increase in CatB after HI injury was associated with an increase in beclin 1, which is involved in the formation of autophagosomes in the early stage of autophagy (Fig. 5 B, (Fig. 5E) , thus suggesting a possible role of CatB in the autophagy of microglia/macrophages after HI injury.
The activation of the NF-B pathway through the CatBdependent autophagic degradation of IB␣ in microglia after OGD/R Our observations suggest that CatB is a potential molecular switch that shifts microglia/macrophages toward the neurotoxic phenotype. It is considered that some key transcription factors, including NF-B, activator protein-1, and interferon regulatory factors, cooperatively upregulate the expression of multiple genes such as proinflammatory mediators, and thus lead to the neuro- toxic phenotype of microglia/macrophages (Satoh et al., 2010; Saijo et al., 2013) . Therefore, one possible underlying mechanism is that CatB is directly involved in the prolonged activation of the NF-B pathway, because NF-B is essential for both M1-and M2-like macrophage differentiation (Porta et al., 2009; Biswas and Lewis, 2010) . We therefore used an in vitro model of HI to investigate the possible involvement of CatB in the proteolytic degradation of IB␣ after an OGD/R burden. When MG6 cells were subjected to reoxygenation for Ͼ12 h, MG6 cells showed the initiation of autophagy, which was demonstrated by the staining of MDC, a specific autophagolysosome marker (Fig. 6A) . Furthermore, the nuclear translocation of p65 was observed in MG6 cells from 24 h after reoxygenation (Fig. 6B) , suggesting that OGD/R activated the NF-B pathway in MG6 cells to promote the neurotoxic phenotype. These observations clearly showed that a MG6 microglial cell line subjected to OGD/R can closely resemble the condition of microglia in the hippocampus after HI injury.
Next, soluble fractions prepared from a MG6 microglial cell line were subjected to immunoblotting analyses at four different periods after normoxia. At 24 h after reoxygenation, there was a significant increase in the mean level of CatB (Fig. 7 A, ‫ءءء‬ p ϭ 0.0006 by one-way ANOVA with post hoc Tukey's test). In the same time course, the mean protein levels of both total IB␣ and phosphorylated IB␣ were significantly decreased (Fig. 7 A, D ‫ءء‬ p ϭ 0.003, ‫ءءء‬ p ϭ 0.0007 by one-way ANOVA with post hoc Tukey's test). When OGD/R was applied to MG6 cells in the presence of MG132, a specific proteasome inhibitor, there was no significant change in the mean protein level of either total IB␣ or phosphorylated IB␣ (Fig. 7 F, G , p ϭ 0.09 by one-way ANOVA with post hoc Tukey's test; Fig. 7H , p ϭ 0.08, one-way ANOVA with post hoc Tukey's test). In contrast, CA074Me significantly inhibited the OGD/R-induced decrease in the mean protein level of total IB␣, but not that of phosphorylated IB␣ (Fig. 7 F, G, ‫ءءء‬ p ϭ 0.0007 by one-way ANOVA with post hoc Tukey's test; Fig. 7H , p ϭ 0.09 by one-way ANOVA with post hoc Tukey's test). Although NF-B is typically associated, through the proteasomal pathway, with increased IB␣ phosphorylation and subsequent degradation (Palombella et al., 1994) , the present observations suggest the involvement of CatBmediated autophagy machinery in the OGD/R-induced degradation of IB␣. Finally, a possible proteolytic degradation of IB␣ by CatB was further examined using an in vitro digestion assay. The protein band corresponding to IB␣ was significantly decreased at 12 h after incubation with soluble lysosomal constituents prepared from MG6 cells at 72 h after reoxygenation (Fig.  7 I , J, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). The in vitro digestion of recombinant IB␣ by soluble lysosomal constituents was significantly blocked by CA-074Me, but only partially blocked by pepstatin A, a specific aspartic protease inhibitor (Fig. 7 K, L, ‫ء‬ p ϭ 0.04, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). These observations suggest that CatB activates the NF-B pathway through the autophagic degradation of IB␣ in microglia/macrophages after HI injury.
A possible functional connection between CatB and CatE in HI-induced hippocampal neuronal damage
In the course of experiments, we unexpectedly found that the variation of the hippocampal damage in neonatal CatE Ϫ/Ϫ mice was small and that the mean ratio of the damaged area (percentage) was significantly lower in neonatal CatE Ϫ/Ϫ mice than in neonatal wild-type mice (Fig. 8 A, B, ‫ءءء‬ p ϭ 0.0003 by unpaired t test). HI induced the hippocampal neuronal damage in neonatal CatE Ϫ/Ϫ and CatB Ϫ/Ϫ /E Ϫ/Ϫ mice to a similar extent, suggesting that CatE is placed upstream of CatB expression following HI. It was also noted that, in contrast to CatB, CatE was undetectable in the mouse brain, as previously reported (Amano et al., 1995) . At 24 h after HI, immunoreactivity for CatE was exclusively found in microglia, and not in either astrocytes or neurons (Fig. 8C) , as previously reported (Nakanishi et al., 1993 (Nakanishi et al., , 1994 Amano et al., 1995; Sastradipura et al., 1998; Nakanishi, 2003a,b) . The similar protective effects against HI-induced hippocampal neuronal damage of CatE deficiency prompted us to examine the effect of CatE deficiency on the HI-induced increase of CatB. In wild-type mice, both pro-CatB and mature forms of CatB were increased at 72 h after HI. Rather surprisingly, there was no significant increase in either the pro-CatB or mature forms of CatB in CatE Ϫ/Ϫ mice (Fig. 8 D, E, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test). The mean mRNA levels of both CatE and TRAIL were significantly increased in the ipsilateral hemisphere after HI injury (Fig. 8F, ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test; Fig. 8G : for 24 h, ‫ءءء‬ p ϭ 0.0005; for 48 h, ‫ءءء‬ p ϭ 0.0002; for 72 h, ‫ءء‬ p ϭ 0.002 by one-way ANOVA with post hoc Tukey's test). It was also noted that the mean mRNA level of the TRAIL death receptor DR5 in microglia/macrophages was significantly increased after HI injury (Fig. 9A , ‫ءءء‬ p Ͻ 0.0001 by one-way ANOVA with post hoc Tukey's test).
The involvement of the microglial CatE/TRAIL system in the activation of NF-B and the subsequent increase of CatB expression It is considered likely that the CatE/TRAIL system is responsible for the activation of NF-B and the increased expression of CatB 
